Introduction
Hot-dip galvanized coatings have been used in industrial fields such as automobile, electrical home applications or construction due to their excellent corrosion performance. 1, 2) The corrosion protection of galvanized coatings arises from the barrier action of a zinc layer, the secondary barrier action of the zinc corrosion products and the cathodic protection of zinc on unintentionally exposed part of the steel, with the coating acting as a sacrificial anode. [1] [2] [3] In general, prior to immersion in the liquid zinc bath, the steel article to be galvanized is first cleaned to eliminate any surface oxide that may react in the zinc bath. 1) After hot-dipping, in which the steel is coated by zinc, the article is withdrawn, cooled and sometimes subsequently heat treated.
1) The anatomy of a zinc coated steel part consists of: 1) the overlay or coating alloy, 2) an interfacial layer between the overlay and the substrate steel containing a series of intermetallic compounds and 3) the substrate steel. 1) Each of these regions can be affected by immersion time and temperature, as well as the chemistry of both the bath and the substrate steel. 1) In a large number of continuous hot-dip galvanizing lines, lead is usually incorporated into the zinc bath. 1, 4) This addition not only causes an increase in the bath fluidity and a decrease in its surface tension, but also in small concentrations (0.04 to 0.2 wt%) improves the zinc coating uniformity and its adhesion to steel sheet and influences the texture of the coating. 4, 5) Texture is an important factor which affects the coating properties and depends strongly on external factors such as cooling rate gradient, surface condition of steel substrate during the coating solidification process and bath chemical composition. 5, 6) Concerning the coating corrosion resistance, this depends in particular on the zinc layer chemical composition and also affected by the crystallographic orientation. 1, [4] [5] [6] It should be noted that in hot-dip galvanized coatings, it is the texture of eta layer which is considered as the coating texture because this layer consists of about 99 wt% of zinc and only about 1 wt% of iron and has an important role in determining the texture and corrosion resistance of the coating. 5) Another factor in determining the corrosion resistance of hot-dip galvanized coatings is the microstructure of the coatings.
1,7) Presence of different layers with different properties in these coatings affect the corrosion behaviour of them. 1, 7) The aim of this work was to study the corrosion resistance of hot-dip galvanized coatings which is affected by texture and microstructure. In addition, the corrosion products of salt spray test were analyzed and the mechanism of the coatings corrosion was discussed.
Company and the average of the results considered as the final report. Also, production conditions such as rolling finishing temperature, coiling temperature, cold work percentage and annealing conditions were the same for all the steel sheets used in this study. All of the samples were degreased with alkaline detergent and toluene; they were kept in a desiccator up to starting the tests. In this research work, lead content of the zinc bath was changed from 0.01 to 0.11 wt%. Production parameters and chemical composition of the steel substrate are shown in Tables 1 and 2 , respectively. As it is seen in Table 1 , the variations of Al and Fe wt% are very small and negligible and thus, they are considered to have no effect on texture and corrosion resistance of the samples. The thickness of coating for all the samples was about 46 mm. Analyzing of chemical composition of the zinc bath was performed using atomic absorption method.
Microstructure Study
Coatings microstructure was analyzed using optical microscopy, scanning electron microscopy and conventional metallography methods. Because of high sensitivity of zinc to water, absolute alcohol was used for grinding and polishing of samples. Also, polishing was performed along the intermetallic layers and grinding was carried out employing soft sand papers (2 400 or 4 000). The composition of the coating layers was determined using EDS analysis.
Texture Determination
The crystallographic orientation of the coatings was determined using X-ray diffraction (Philips X'pert, CuKa radiation, step size 0.03°and counting time 1 s). A 2q scan was performed between 20°and 140°and the integrated intensities of several reflections, after background subtraction, were determined. The texture coefficients were calculated using the following equation 8) :
.............. (1) where, I hkil is intensity of hkil reflection from zinc coating, I 0 hkil is intensity of hkil reflection from random sample (zinc powder) and n is the number of reflecting planes (9 in this study). Here, each reflection from a zinc coating of random texture would have a value equal to 1, while a preference of grains with a particular plane parallel to the sheet surface would have a value greater than one. Similarly, an orientation "less than random" would have a value less than one. This technique represents orientations percent only from those reflections used in the calculation. 8) It should be mentioned that in this study, summation of low angle pyramidal planes ((1014), (1013), (1012)), high angle pyramidal planes ((1122), (1011), (2021)) and prismatic planes ((1010), (1120)) has been considered and named as low angle pyramids, high angle pyramids and prisms, respectively. Some of the texture components of the zinc structure are shown in Fig. 1. 
Corrosion Resistance Analyzing
To analyze the corrosion resistance of the samples, corrosion current density (i corr ) and hours to 5 % red rust were considered as the comparison criteria. To obtain the corrosion current densities, Tafel polarization tests were employed which were conducted in a 5 % NaCl solution at room temperature using an EG&G Princton Applied Research Model 263A potentiostat, a standard corrosion cell kit with the working electrode, two graphite counter elec- trodes and a saturated calomel reference electrode (SCE). The volume of the electrolyte for each test was 500 mL. Potentiodynamic scanning was performed by stepping the potential at a scan rate of 1 mV/s from Ϫ250 mV (SCE) to 500 mV (SCE). The edges of samples were covered by a plastic lacquer to prevent the corrosion of steel. Salt spray tests were performed under the criteria established by ASTM B117 to study the corrosion resistance (hours to 5 % red rust) and corrosion products of galvanized samples after exposure to salt spray.
Corrosion Products Study
The morphology of corrosion products obtained from salt spray tests was studied using scanning electron microscopy (SEM). The phases and composition of corrosion products were analyzed by means of XRD and EDS, respectively. SEM studies were carried out using a Philips XL Model 30 and XRD studies were done employing a Philips Xpert-MPD Model 3040.
Results
It can be seen from Fig. 2 that by increasing the lead content of zinc bath, texture coefficient of basal plane component is decreased and, conversely, the texture coefficients of high angles, low angles and prism components are increased. It means that as the lead content of the zinc bath increases, the basal texture component is weakened and transforms to the other texture components such as low/high angle pyramids and prism planes.
Figure 3(a) shows the corrosion current density of the samples. As it is evident, increasing the lead content of the zinc bath would lead to decreasing the corrosion resistance of the samples. In Fig. 3(b) , relationship between lead content of zinc bath and hours to 5 % red rust of the samples is presented. Here, as Tafel polarization test, corrosion resistance decreases as the lead content of the zinc bath increases. The first visible corrosion product formed on the galvanized samples in the above test was in the form of white rust followed by red rust. The more delay in red rust formation would indicate the higher corrosion resistance of the coatings. The red rust formation showed that the zinc coating was unable to further protection of the substrate steel. Among the samples, the visual observation proved that good corrosion resistance was experienced by sample A followed by B, C and D. After 24 h exposure in salt spray, pseudo-hexagonal plane crystals called platelets having a preferential facing (approximately normal to the substrate plane) could be observed on the galvanized steel samples (Fig. 4) . These crystals grow forming islands which spread over all the surface as the exposure time increases. XRD analysis indicated that Simonkolleite (Zn 6 (OH) 8 Cl 2 · H 2 O) was the major component of the corrosion products, whilst EDS results confirmed that chlorine, zinc and oxygen were the main elements present in the pseudo-hexagonal crystals. Some amounts of Zincite (ZnO) and Hydrozincite (Zn 5 (CO 3 ) 2 (OH) 6 ) were also detected. In addition, after 72 h exposure in salt spray, the surface of sample D was covered with a relatively thick layer of corrosion products whereas the surface of sample A presented not only less voluminous corrosion products but also a partially attacked area as a result of better corrosion resistance. Figure 5 shows a typical cross section of zinc coated sample B; four distinct coating layers of hot-dip galvanized steel can be identified in this micrograph. aluminum within the layers. The relationship between thickness of coating layers and the lead content of the zinc bath is shown in Fig. 6 . As it is seen, gamma layer thickness increased with increasing the zinc bath lead content at the expense of zeta and delta layers, whereas, eta layer thickness remained almost constant.
Discussion
It was seen in Fig. 2 that increasing the lead content of zinc bath would result in decreasing the texture coefficient of basal plane component and, conversely, increasing the texture coefficients of high angles, low angles and prism components. It has been well demonstrated that the texture of the coating depends strongly on the chemical composition of the zinc bath. 5, 6) Although hot-dip galvanized zinc coatings often show a strong (00.2) basal plane texture, 1) in the case of lead additions, the (00.2) texture disappears 7) as indicated in Fig. 1 . This is due to the fact that lead decreases the nucleation sites of basal planes and, conversely, increases the nucleation sites of other planes such as high/low angle pyramids and prism planes. 9) Thus, when the lead content of zinc bath is increased, less nuclei of basal planes form and, consequently, a lower proportion of basal planes will cover the surface. 5, 9, 10) The result is less basal planes parallel to the surface, which means a weaker (00.2) texture coefficient.
In Fig. 6 , it was illustrated that gamma layer thickness increased with increasing the lead content of the zinc bath. These variations would be attributed to the influence of lead on the diffusion rate of iron into the zinc layers which is affected by the amounts of lead in the zinc bath. 10, 11) Thus, because of having the most iron content among other layers and being the closest layer to the steel substrate (as the reservoir of iron), gamma layer has the chance to become thicker. Also, short diffusion distance that is necessary for iron to diffuse into this layer would encourage the thickening of gamma layer. Although the thickening of other layers is expected, may be the large diffusion distance required for iron to reach these layers and also the time shortage for iron diffusion prevent the thickening of the other layers. 7) To some extent, it was expected that with concentrations of aluminum up to 0.1 wt% in the zinc bath, (ϳ0.2 wt% in this study), Fe 2 Al 5 layer would be formed and suppressed the formation of gamma and delta phases. 1, 11) However, microscopic investigations confirmed that four layers have been formed and EDS analysis detected no aluminum within the layers. It is probably due to the fact that for Fe 2 Al 5 layer to be formed, in addition to the required amount of aluminum concentration in the bath (at least 0.1 wt%), 1, 12) low temperature of the bath, 13) high difference between the strip-entry and the bath temperatures, 14) high silicon content of the steel, low iron content in the bath and agitation of the bath should be prepared.
1) The low temperature of the bath can slow down the reaction rate of zinciron and provides a chance for the reaction of aluminum and iron. [13] [14] [15] [16] Besides, the high temperature difference between the strip and the galvanizing bath can effectively increase Al-Fe reaction rate. [13] [14] [15] [16] Also, high silicon content of the steel (ϳ0.1 wt%) would encourage the reaction between iron and aluminum and thus, thicker and more stable inhibition layer would be obtained. 1) In addition, when the iron content of the bath is low (ϳ0.01 wt%), more effective aluminum would be present in the bath to react with the iron in the steel and therefore, the formation of inhibition layer would became easier and accelerated.
1) It should be noticed that it is the aluminum in the liquid solution which can perform the function of inhibiting the iron and aluminum reaction in hot-dip galvanizing. 1) During the process of galvanizing, some aluminum is dissolved in the liquid zinc phase and the rest of the aluminum is present in the intermediate particles entrapped in the bath. Among the elements present in the bath, this is the iron which has a high presence in the bath and high affinity to react with aluminum and forms some intermediate dross particles in the zinc bath, reducing the amount of aluminum in the bath solution; indeed, more iron content of the bath means lower effective aluminum content, causing very thin or no inhibition layer to be formed. 1) . Agitation is another factor which is responsible for the reaction between iron and aluminum and formation of inhibition layer. It may result in the increase of the aluminum concentration in the vicinity of the steel sheet (interface of steel/melt), accelerating the formation and thickness of Fe 2 Al 5 inhibition layer. In fact, during the agitation of the bath, more aluminum would reach the interface of the steel from other regions of the zinc bath. In this work, the temperature of the zinc bath was high enough (ϳ462°C), 13) the difference between the bath temperature and strip entry temperature (ϳ466°C) was small (ϳ4°C), 14) the silicon content of steel sheet was low (0.009 wt%), the amount of iron in the bath was suitable (ϳ0.025 wt%) and no agitation was applied or established during hot-dipping in the galvanizing bath; thus, formation of Fe 2 Al 5 was inhibited. Of course, the most important factors affecting the formation and growth of the inhibition layer are the bath and strip-entry temperatures. 1, 13, 14) Relationship between lead content of the zinc bath, corrosion resistance and texture coefficients of basal, low angle, high angle and prism planes is presented in Fig. 7 . It is clear that by increasingthe lead content of the zinc bath, texture coefficient of (00.2) basal texture component decreases and corrosion current density increases; that is, (00.2) basal texture component has a key role in determining the corrosion resistance of the coatings. 5, 10) When the texture coefficient of basal planes is high, it can be concluded that the surface is mainly covered with basal planes which are parallel to sheet surface. 5, 9, 10) The basal planes have the highest binding energy of the surface atoms and thus the total energy involved in the breaking of the bonds and the subsequent dissolution of atoms is highest for these planes. 17) Also, surface becomes electrochemically less active because surface energy, that its value is inversely proportional to the atomic spacing (d), is lowest for basal plane with respect to other planes in hcp structure (for example: 1/dϭ0.41; 0.89 and 0.85 for (00.2), (20.1) and (11.2) planes, respectively). 5) In other words, when the basal planes are the predominant texture component and thus the surface is covered with these planes, smoother surface would be obtained and therefore, less cathodic and anodic areas would be available for corrosion reactions and the surface is less active. 5) In Fig. 8 , the relationship between lead content of the zinc bath, corrosion resistance and gamma layer thickness is depicted. As can bee seen, increasing the thickness of gamma layer would decrease the corrosion resistance of the coating. Gamma layer, due to have the greatest iron content and lowest content of zinc among the layers of galvanized coatings, has the lowest corrosion resistance in comparison with other layers because iron is cathodic to zinc. Hence, when the two metals are in electrical contact, a galvanic cell is formed at which zinc is the anode and corrodes, while iron is the cathode and it is in rather passive situation. 7) Consequently zinc is consumed for the iron protection instead of protecting the underlying steel. From this observation it could be deduced that higher iron content in the gamma layer is not beneficial for the corrosion performance of the hot-dip galvanized coating. Also, increasing of gamma layer thickness has detrimental effects on the cathodic protection of galvanized coatings. 7) It is worthy of note that the steps in galvanized steel surface degradation in the presence of NaCl may be anodic zinc dissolution, hydration, fast carbonation and oxygen reduction in the cathodic areas; this mechanism assumed that the last step is the formation of Simonkolleite due to the NaCl crystallination on some surface points. [18] [19] [20] [21] Indeed, Simonkolleite can be formed as anions like Cl Ϫ and OH Ϫ can move and penetrate towards the zinc dissolution sites. This penetration also results in the formation of Hydrozincite, zinc hydroxide and zinc oxide. A rise in the chloride concentration in the anodic sites forms gradually the soluble Simonkolleite. In such circumstances, a localized concentration of Cl Ϫ ions in combination with humidity may promote the metallic coating corrosion by substitution of the carbonate ions present in the dense, slightly soluble, thin and partially insulating layer of Hydrozincite, thereby weakening its protective capacity. The porous Simonkolleite does not act as a barrier layer and dissolves Zn 2ϩ at the initial stages. In fact, being slightly dense and highly soluble, the Simonkolleite provides a low barrier effect because the condensed solution continuously washes the surface and, consequently, leaves bare zinc area exposed. Zn 2ϩ and Na ϩ can thus diffuse outwards through pores towards the cathodic sites, where oxygen reduction takes place. The diffusion process of O 2 through the solution and the porous corrosion products is the rate-determining step, while anodic dissolution takes place at higher rates. The difference in anodic dissolution rate leads to an increase in pH at the solution in vicinity to the cathodic site. The corrosion products in the cathode sites are different from those in the anodic sites, leading to the uneven distribution of the products. [18] [19] [20] [21] This process has fast kinetics 18) and it agrees with the SEM results since, after only 24 h exposure in salt spray, a great amount of Simonkolleite on the Zn surface could be observed (Fig. 4) . In this way, a dynamic and quick Zn consumer process leads to catastrophic results after short exposure periods, at least, from the anticorrosive point of view. 22) Also, other researchers have ascribed the initiation of corrosion to a mechanism of stress corrosion and have discussed that in the case of hotdip galvanizing, when the outer phase of the Zn diffusion coating is delta, due to the mismatch between the thermal © 2008 ISIJ expansion coefficients of the Fe-Zn phases of the coating and the iron substrate, development of tensile residual stresses upon cooling and exposing the coated object to the air can be happened. 23) These stresses are relieved through the formation of cracks inside the Zn coating. The crack formation is already accomplished when the coating is exposed in the atmosphere. The coating thus contains a preexisting crack network, accumulated in delta phase. Presence of these cracks would offer some paths to chloride ions which are dissolved in the corrosive medium. The Cl Ϫ ions and oxygen which penetrate into the coating can react with Zn resulting in the Zn dissolution through the formation of soluble materials as Zn hydrated chlorides. 24, 25) Furthermore, ZnO is formed as a corrosion product whose specific volume is much higher than the specific volume of Zn. Consequently, the widening of the cracks is enhanced. These phenomena finally lead to the decomposition of the coating. 24, 25) By contrast, when the outer phase of the coating is eta, the corrosion of the coating becomes almost uniform. Eta phase is composed of almost pure zinc and characterized by low hardness. Consequently, the crack propagation in this phase is very rare and as a result, no stress corrosion occurs. 24, 25) 
Conclusions
(1) Increasing the lead content of the zinc bath would result in the decrease of basal plane texture coefficient and would increase the texture coefficient of high angle pyramidal, low angle pyramidal and prism planes.
(2) Gamma layer thickness would be increased with increasing the lead content of the zinc bath.
(3) Coatings with greater basal texture coefficient and smaller gamma layer thickness have better corrosion resistance than the coatings with smaller basal texture coefficient and greater gamma layer thickness.
(4) Simonkolleite is the main corrosion product during the salt spray test and being slightly dense and highly soluble, have a low barrier effect against corrosion.
